The recognition of specific DNA sequences by proteins is thought to depend on two types of mechanism: one that involves the formation of hydrogen bonds with specific bases, primarily in the major groove, and one involving sequence-dependent deformations of the DNA helix. By comprehensively analysing the three-dimensional structures of protein-DNA complexes, here we show that the binding of arginine residues to narrow minor grooves is a widely used mode for protein-DNA recognition. This readout mechanism exploits the phenomenon that narrow minor grooves strongly enhance the negative electrostatic potential of the DNA. The nucleosome core particle offers a prominent example of this effect. Minor-groove narrowing is often associated with the presence of A-tracts, AT-rich sequences that exclude the flexible TpA step. These findings indicate that the ability to detect local variations in DNA shape and electrostatic potential is a general mechanism that enables proteins to use information in the minor groove, which otherwise offers few opportunities for the formation of base-specific hydrogen bonds, to achieve DNA-binding specificity.
The ability of proteins to recognize specific DNA sequences is a hallmark of biological regulatory processes. The determination of the three-dimensional structures of numerous protein-DNA complexes has provided a detailed picture of binding, revealing a structurally diverse set of protein families that exploit a wide repertoire of interactions to recognize the double-helix 1 . Nucleotide sequencespecific interactions often involve the formation of hydrogen bonds between amino-acid side chains and hydrogen-bond donors and acceptors of individual base pairs. It has long been recognized that every base pair has a unique hydrogen-bonding signature in the major groove, but that this is not the case in the minor groove 2 . Thus, the expectation has been that the recognition of specific DNA sequences would take place primarily in the major groove by the formation of a series of amino-acid-and base-specific hydrogen bonds 1 . This 'direct readout' mechanism is consistent with observations derived from three-dimensional structures of protein-DNA complexes, but it is far from the entire story.
In many complexes, the DNA assumes conformations that deviate from the structure of an ideal B-form double helix [3] [4] [5] , sometimes bending in such a way to optimize the protein-DNA interface 6 , and in some cases undergoing large conformational changes as in the opening of the minor groove in the complex formed between TBP and the TATA box 7, 8 . The term 'indirect readout' was coined 9 to describe such recognition mechanisms that depend on the propensity of a given sequence to assume a conformation that facilitates its binding to a particular protein. The bases involved in such mechanisms need not be in contact with the protein and, for example, can be found in linker sequences that connect two half-sites that are themselves bound by individual protein subunits 10, 11 .
We recently described an example of a new readout mechanism, the recognition of local sequence-dependent minor-groove shape 12 that is distinct from previously described indirect readout mechanisms. In this case, the sequence-dependence of minor-groove width and corresponding variations in electrostatic potential are used by the Drosophila Hox protein Sex combs reduced (SCR) to distinguish small differences in nucleotide sequence 12 . Here we report that this mechanism is a widely used mode of protein-DNA recognition that involves the creation of specific binding sites for positively charged amino acids, primarily arginine, within the minor groove. Minorgroove narrowing is found to be correlated with A-tracts 13, 14 , usually defined as stretches of four or more As or Ts that do not contain the flexible TpA step 15 , but extended here to include as few as three base pairs (see later). Our results offer fundamentally new insights into the structural and energetic origins of protein-DNA binding specificity, and thus have important implications for the prediction of transcription-factor-binding sites in genomes.
Arginine is enriched in narrow minor grooves
The percentage of minor-groove contacts associated with each amino acid, classified according to the width of the minor groove, was determined ( Fig. 1a ). Arginine constitutes 28% of all amino-acid residues that contact the minor groove and is notably enriched in narrow minor grooves, defined here by a groove width of ,5.0 Å (compared to 5.8 Å in ideal B-DNA). Remarkably, 60% of the residues in narrow minor grooves are arginines, compared to 22% in minor grooves that are defined as not narrow-that is, width $5.0 Å . A smaller enrichment is also observed for lysine but the overall population of lysines within the minor groove is much less than for arginine.
Binding to the minor groove is a characteristic of many, but not all, protein superfamilies and a large subset of these contact a narrow minor groove (Table 1) . Moreover, if the minor groove is contacted, arginines are likely to be involved, and the likelihood that an arginine will be present becomes even greater for narrow minor grooves (Supplementary Table 1 ).
We compiled the DNA sequence preferences for protein-DNA complexes in which an arginine contacts a narrow minor groove (Fig. 1b ). The figure shows that the base pair that has the shortest contact distance with the arginine guanidinium group has a 78% probability of being an AT and 22% of being a GC. Neighbouring base pairs in both the 59 and 39 directions surrounding the closest contacting base pair also have a strong tendency to be AT. Taken together, these data demonstrate that arginines tend to bind narrow minor grooves in AT-rich DNA.
AT-rich sequences tend to narrow minor grooves
We calculated minor-groove widths for all tetranucleotides contained in Protein Data Bank (PDB) structures for both free DNA ( Fig. 2a ) and DNA in complexes with proteins ( Fig. 2b ). There is a large spread of values due in part to end effects and to the effects of crystal packing, but some trends are evident nevertheless. For example, for free DNA structures most of the tetranucleotides with narrow minor grooves (width ,5.0 Å ) are AT-rich ( Fig. 2a and Supplementary Table 2a ).
Similar behaviour is observed in protein-DNA complexes ( Fig. 2b and Supplementary Table 2b ). In contrast, tetranucleotides with wide minor grooves have a strong tendency to be GC-rich.
The correlation between AT content and groove width is not unexpected given the fact that A-tracts are known to produce narrow minor grooves. However, TpA steps have a tendency to widen the minor groove 15 , so it was of interest to determine whether the distinct properties of A-tracts and TpA steps are reflected in our tetranucleotide data set. We find that 67% of tetranucleotides composed only of AT base pairs have a narrow minor groove, but that this number increases to 82% if we exclude TpA steps so as to consider only A-tracts. Even A-tracts of length three have a strong tendency to narrow the minor groove. Forty-three per cent of the tetranucleotides with a minor groove width of ,5.0 Å have an A-tract length of three, a percentage that decreases to 11% of tetranucleotides with canonical minor-groove widths (between 5.0 and 7.0 Å ) and to 4% of tetranucleotides with minor grooves wider than 7.0 Å ( Supplementary Fig. 1 ). Furthermore, compared to other AT-rich sequences, A-tracts are specifically enriched in DNAs with narrow minor grooves (Supplementary Fig. 1 ). Thus, although A-tracts are usually thought of as requiring four or more base pairs, in part because a minimum of four is required to rigidify the DNA 14 , this analysis shows that A-tracts as short as length three are positively correlated with narrow minor grooves.
Arginines recognize enhanced electrostatic potentials
The minor-groove width and electrostatic potential versus bindingsite sequence for several complexes whose binding interface includes an arginine inserted into the minor groove is plotted in Fig. 3 and Supplementary Fig. 2 . The correlation of width and potential as well as the tendency of arginines to be located close to minima in width and potential is evident. In this section we highlight a few specific examples of how arginine-minor-groove interactions are used in DNA recognition. Figure 3a represents the ternary complex of the Drosophila Hox protein Ultrabithorax (UBX) and its cofactor Extradenticle (EXD) bound to DNA 16 . In this complex, Arg 5 of UBX, which is a conserved residue across all homeodomains, inserts into a narrow region formed by a 4-base-pair (bp) A-tract. An example of a long and very narrow A-tract that binds a2-Arg 7 from the MATa1-MATa2 complex with DNA is shown ( Fig. 3b) 17 . In contrast, a2-Arg 4 inserts into a shallower region at one end of the A-tract, where there are local minima in width and potential that are smaller than at the Arg 7 site in the centre of the A-tract. The two POU domains of the mammalian OCT1 (also known as POU2F1)-PORE complex bind to two A-tracts ( Fig. 3c ) in which the minima are positioned in such a way as to provide binding sites for four arginines, two from each POU domain 18 .
The location of these A-tracts with respect to other nucleotide sequence features can be used to generate specificity, as previously discussed for the Hox protein SCR 12 . In the case of SCR binding, the position of a TpA step within an AT-rich region has a critical role in binding specificity. A similar strategy is used by the motility gene repressor (MogR) in which two long A-tracts separated by a TpA step produce two arginine-binding sites 19 (Fig. 3d ). The unique shape recognized by these two arginines probably contributes to the position of the MogR-binding site along the DNA sequence. The overall tendency of TpA steps to widen the minor groove is most apparent when they are positioned between two A-tracts (as in SCR 12 and MogR 19 ) where the TpA step acts as a 'hinge' between more rigid elements 15, 20 . In other contexts, owing to their flexibility, TpA steps can also be accommodated in narrow minor grooves 21 . An example is provided by the bipartite DNA-binding domain of Tc3 transposase in which the arginines bind to a narrow region containing a TATA box 22 that displays enhanced negative electrostatic potential ( Fig. 3e ).
Although less frequent, arginines also bind narrow grooves associated with non-A-tract sequences. Figure 3f summarizes features of the binding of the 434 repressor to its operator 23 Listed are SCOP superfamilies 46 that have an arginine minor-groove contact within a distance of ,6.0 Å from the base. Superfamilies that use arginine to contact a narrow minor groove (,5.0 Å ) and those that use arginine to contact a not narrow minor groove ($5.0 Å ) are shown. Only superfamilies with a minimum of ten protein chains in PDB structures bound to DNA at least one helical turn long are included. The percentages of chains with minor-groove contacts vary considerably among SCOP superfamilies and are provided in Supplementary Table 1 .
that are all AT with the exception of a central CG. (The guanine amino group tends to widen narrow grooves, but a single GC base pair can be accommodated with only little disruption). Figure 4a plots minor-groove width and electrostatic potential along the DNA sequence of the nucleosome core particle containing recombinant histones and a 147-bp DNA fragment (PDB code 1kx5) 24 . There are 14 minima in minor-groove width corresponding to regions where the DNA bends so as to wrap around the histone core. As earlier, there is a marked correlation between width and potential. The variation in width between the narrowest and widest regions is about 5 Å , and the difference between the maxima and minima in electrostatic potential is about 6 kT e 21 (Fig. 4a ). As a consequence, there should be a strong driving force for basic amino acids to bind to narrow regions and indeed arginines are found in 9 of the 14 minima. These arginines are shown in Fig. 4b where the nucleosomal DNA has been colourcoded by minor-groove width. (Although all 14 narrow minor-groove regions are contacted by arginines 24 only 9 satisfy our criteria of ,6.0 Å between arginine atoms and base atoms in the groove). A similar repeating pattern of narrow minor grooves that are contacted by arginines is seen in all 35 available nucleosome crystal structures ( Supplementary Fig. 3a, b) .
Arginine minor-groove interactions in the nucleosome
Because short A-tracts narrow the minor groove and facilitate the bending of DNA, we would expect to see a periodicity of A-tracts in DNA sequences bound by nucleosomes in vivo. Previous analyses have focused on dinucleotide statistics 25, 26 , although it has been known for some time that there is a periodic pattern of AAA and AAT trinucleotides in nucleosome core DNA 27, 28 . An analysis of DNA sequences bound in vivo by yeast nucleosomes 29 reveals a clear periodicity for A-tracts of at least length three (denoted 31, Fig. 4c ). Moreover, nucleosomal DNAs contain, on average, 10.0 A-tracts of length 31 (Fig. 4d ). Periodicity is also detected for A-tracts of length 41 and even 51, although the number per nucleosome decreases to 4.1 and 1.6, respectively ( Supplementary Fig. 3 ). Thus, even though long A-tracts tend to be excluded from the nucleosome 30 , A-tracts of #5 bp, when present, are used to facilitate bending of the DNA around the histone core.
To evaluate the effect of TpA steps, we compared the periodicities of A-tracts of length three to those of other trinucleotides composed only of AT base pairs. Trinucleotides that contain TpA steps have a much weaker periodic signal than A-tracts of length three, which exclude the TpA step ( Supplementary Fig. 4 ). Together, this analysis suggests that many of the sequence periodicities in nucleosomal DNA reflect the presence of short A-tracts that lead to narrow regions in the minor groove, which are in turn recognized by a complementary set of arginines present on the surface of the nucleosome core particle.
Effects of groove width on electrostatic potential
The remarkable correlation between minor-groove width and electrostatic potential (Figs 3 and 4) is primarily due to the properties of the Poisson-Boltzmann equation that have been extensively discussed in the literature 31 . Biological macromolecules are less polarizable than the aqueous solvent and, in the language of classical physics, can be thought of as a low dielectric region embedded in a high dielectric solvent. Solutions of the Poisson-Boltzmann equation for DNA showed that contours of electrostatic potential owing to backbone phosphates follow the shape of the DNA and that the potentials are the most negative within the grooves 32 . This effect is due to electrostatic focusing, first observed for the protein superoxide dismutase 31 , where the narrow active site focuses electric field lines away from the protein and into the high dielectric solvent. The same physical phenomenon produces enhanced potentials in grooves, accounting for the strong correlation described earlier.
To establish the source of the effect in quantitative terms, we calculated the potentials for the MogR-binding site 19 when the dielectric constant is set to 80 both inside the macromolecule and in the solvent (Fig. 5, dashed line) and for the case where the two dielectric constants are different ( Fig. 5, solid line) . Notably, a large enhancement of electrostatic potentials is only observed when the dielectric constant of the macromolecule and solvent are different, reflecting the focusing of electric field lines described qualitatively earlier. The small effect seen when the dielectric constant is the same results from the phosphates being closer to the centre of the groove when it is narrow (see Supplementary Fig. 5 for a breakdown of the contributions to the net electrostatic potential). Both sets of calculations were a AATC ATAA AATT  GAAT  AGCT  AAAT  AAAA  GATC  GAAA  GATA  ATAT  AGAT  GCGC  AGAA  TAAC  GAGA  TAAT  CAAT  ACGT  TAAG  CATA  CGTT  GTAC  AATG  CGAT  CAAA  AGAG  CTGT  TATA  AAGC  TGTA  TGGA  TAGC  CGAA  AGAC  CGTC  AAGA  TGAA  TAGA  GGAA  CTAG  AAAC  TCGA  CGGT  CGAC  TTAA  CCGG  GGTA  GAGC  CGGC  CAAG  GGTT  CGAG  GGCG  GGCC  TAAA  AGGT  TGGG  GGGC   Minor groove width (Å)   2   4   6   8   10   12   AAAT  AATA  AATC  AATT  AAAA  AAGT  GAAT  GAAA  TAAT  AAAC  ATAA  AGAT  AAGA  AGTT  AGAA  AAAG  ATAG  GAAC  CGTT  TATA  TGTT  TGAG  ATGT  GGAT  TAAA  AATG  CAAT  TAGA  CATG  CATA  GATG  GATC  GTGA  AGAC  GTAC  CAAA  TGAA  CAGA  CTAA  TTGA  GAGA  TAAG  CGTG  TTAA  GAGT  AGGT  GAAG  AGTC  CTAG  GGTT  AGGA  CAGT  ATAC  CAAG  ATGC  TAAC  TGTC  TTGT  TAGT  TGAT  ACGC  CGCG  CTGC  AAGG  GGTA  CTGG  GGGT  TAGC  CGAT  GGAA  ATGA  AGAG  GGTC  GTGT  CGAA  GAGG  CTGT  CAAC  TGAC  ACGT  AGTG  TGTG  GGTG  TGGT  TAGG  GGCA  TGTA  TGGA  GATA  CGGT  AGCC  CAGG  TGGC  GCGA  GTAA  AGTA  GGAC  GTAG  GGAG  GTGC  CTGA  ACGG  ATGG  GTGG  CGTC  ACGA  TGCA  AAGC  AGCT  GGGC  CCGA  CAGC  TTGC  CGAG  TGGG  GGGA  CGGC  AGGG  GAGC  TTGG  GGCG  ATAT  GCGG  GGCC carried out at physiological salt concentrations. Although ionic strength influences the absolute values of the potentials, the dielectric boundary effect remains essentially the same ( Supplementary Fig. 6 ).
Why are arginines preferred over lysines?
It is surprising that there is a substantial population of arginines in the minor groove and a large enrichment when the groove is narrow, whereas the effects for lysines are more modest (Fig. 1a) . Arginines have been known for some time to be enriched relative to lysines in protein-protein 33 and protein-DNA 34 interfaces, and the difference has generally been attributed to the ability of the guanidinium group to engage in more hydrogen bonds than the amino group of lysine 35 .
To evaluate this idea we determined the number of hydrogen bonds formed by all the arginines and lysines in our data set that penetrate the minor groove. Surprisingly, on average, less than one hydrogen bond is formed by either amino-acid side chain to DNA (0.9 for arginine and 0.6 for lysine), and the standard deviations are such that this difference is insignificant (Supplementary Table 3 ). An alternative explanation derives from the difference in the size of the cationic moieties of the two residues. According to the classical Born model, the solvation free energies of ions are proportional to the inverse of their radii 31 , suggesting that it is energetically less costly to remove a charged guanidinium group from water than it is to remove the smaller amino group of a lysine. To test this quantitatively, we calculated the change in free energy in transferring arginine and lysine from water to a medium of dielectric constant 2 (see Methods for details). The difference in the transfer free energies between the two residues ranges from 2.3 to 6.6 kcal mol 21 , depending on the force field that was used, with lysine consistently having the higher value (Supplementary Table 4 ). These results indicate that 18 (c), the MogR repressor (PDB code 3fdq) 19 (d), the Tc3 transposase (PDB code 1u78) 22 (e) and the phage 434 repressor (PDB code 2or1) 23 (f) are shown in GRASP surface representations 31, 47 , with convex surfaces colour-coded in green and concave surfaces in grey/black. Plots of minor-groove width (blue) and electrostatic potential in the centre of the minor groove (red) are shown below. Arginine contacts (defined by the closest distance between the guanidinium groups and the bases) are indicated. A-tract sequences are highlighted by a solid red line, the TATA box in e by a dashed line.
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the higher prevalence of arginines compared to lysines in minor grooves is due, at least in part, to the greater energetic cost of removing a charged lysine from water than removing a charged arginine.
Concluding remarks
We have shown that there is a marked enrichment of arginines in narrow regions of the DNA minor groove that provides the basis for a new DNA recognition mechanism that is used by many families of DNA-binding proteins. A readout mechanism on the basis of groove width requires a connection between sequence and shape. This connection seems to be provided in part by A-tracts, which have a strong tendency to narrow the groove, producing binding sites for arginines that, when spaced appropriately on the protein surface, offer a complementary set of positive charges that can recognize local variations in shape. Arginines often insert into the minor groove as part of short sequence motifs (for example, Arg-Gln-Arg in the Hox protein SCR 12 , Arg-Lys-Lys-Arg in POU homeodomains 18 , Arg-Pro-Arg in Engrailed 36 , Arg-Gly-His-Arg in MATa1-MATa2 (ref. 17 ), Arg-Arg-Gly-Arg in the nuclear orphan receptor 37 and Arg-Gly-Gly-Arg in the human orphan receptor 38 ), thus offering a variety of presentation modes that can contribute to the specificity of DNA shape recognition.
The tendency of A-tracts to narrow the minor groove is primarily due to their ability to assume conformations, by propeller twisting, that lead to the formation of inter-base-pair hydrogen bonds in the major groove 15 . This network is disrupted by TpA steps as notably seen in the MogR-binding site 19 . GC base pairs also have a tendency to widen the minor groove. The combination of these and other factors, such as the effects induced by flanking bases that are not directly located within the binding site 39 , can produce a complex minor-groove landscape that offers numerous possibilities for specific interactions with proteins. Indeed, minor-groove geometry is no doubt the result of the interaction of intrinsic and protein-induced structural effects.
The physical mechanisms described here are markedly evident in the nucleosome. The energetic cost of narrowing and bending the DNA in regions where the backbone faces inward will be reduced by the presence of short A-tracts that have an intrinsic propensity to assume such conformations and hence to bend the DNA 28 . Furthermore, the penetration of arginines into the minor groove at sites where the DNA bends and the groove is narrow 21, 40 provides an important stabilizing interaction.
The variations in DNA shape observed in protein-DNA complexes often reflect conformational preferences of free DNA 4,10,41 . Sequencedependent conformational preferences have also been observed in computational studies 11, 21, 42 and, most recently, analysis of hydroxyl radical cleavage patterns shows that DNA shape is under evolutionary selection 43 . Such observations indicate that the role of DNA shape must be taken into consideration when annotating entire genomes and predicting transcription-factor-binding sites. The biophysical insights described here, together with the increased availability of high-throughput binding data, offer the hope of major progress in understanding how proteins recognize specific DNA sequences and in the development of improved predictive algorithms. T  T T  T  T T  T T T  T T  T T  T  T TT  T  T  T  TTTT  T  T  T T T T  T  T TT T  TT  T  T TT  T  T a, Correlation of minor-groove width of the nucleosome core particle (PDB code 1kx5) 24 (blue) and electrostatic potential (red). Arginine contacts (defined by the closest distance between the guanidinium groups and the bases) are indicated. A-tract sequences are highlighted by solid red lines. Arg 140 
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METHODS SUMMARY
Minor-groove geometry was analysed with Curves 44 for all 1,031 crystal structures of protein-DNA complexes in the PDB that have any amino acid contacting base atoms. Protein side chains contact the minor groove in 69% of those structures that have at least one helical turn of DNA. The probabilities for each amino acid to contact the minor groove were calculated for three groups of DNAs: total, narrow and not narrow. Proteins were grouped on the basis of 40% sequence identity. The properties of free DNAs and DNAs bound to proteins were analysed on the basis of the minor-groove widths of tetranucleotides, defined at the central base-pair step.
All 35 crystal structures of the nucleosome available in the PDB were analysed. The analysis of nucleosomal DNA is based on 23,076 sequences in an in vivo yeast data set 29 . The signal for a sequence motif in nucleosomal DNA is positive for a base pair when the base pair comprises any part of the sequence motif. Frequencies were symmetrized by analysing both complementary DNA strands.
Electrostatic potentials were obtained from solutions to the non-linear Poisson-Boltzman equation at physiological ionic strength using the DelPhi program 31, 45 . Regions inside the molecular surface of the DNA were assigned a dielectric constant of 2, whereas the solvent was assigned a value of 80. The potential is reported at a reference point at the centre of the minor groove. The reference point is located close to the bottom of the groove in approximately the plane of a base pair. This definition provides a measure of electrostatic potential as a function of base sequence. Solvation free energies of amino acids were calculated for extended conformations of arginine and lysine side chains and compared for four different force fields.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Calculation of minor-groove width. There were in total 1,031 crystal structures of protein-DNA complexes in the PDB as of 1 June 2008, in which the DNA was contacted by any amino-acid side chain at a distance ,6.0 Å from base atoms. Of these structures, 567 contained at least one helical turn, and no chemical modifications or deformations that prevent the calculation of minor-groove width. Groove geometry was analysed using Curves 44 and minor-groove width was calculated as a function of base sequence by averaging all the Curves levels given for each nucleotide. Statistical analysis of protein-DNA contacts. Of the 567 protein-DNA structures in our data set, 392 have at least one minor-groove contact defined by a distance of ,6.0 Å between any base and side-chain atoms. To avoid an oversampling bias, proteins in this data set that shared $40% sequence identity were grouped to create 109 groups. The average number of contacts within each group was subsequently averaged over all 109 groups. These averages were divided by the sum of the average number of contacts for all amino acids to calculate the total minor-groove contacts, contacts in not narrow minor grooves ($5.0 Å ), and contacts in narrow minor grooves (,5.0 Å ), for each amino acid.
Hydrogen-bond contacts between amino-acid side chains and the DNA bases and phosphates, water molecules and other protein atoms were identified with the HBplus program 48 . Structural annotation of DNA-binding proteins. The proteins in our data set of protein-DNA complexes were classified in SCOP 46 superfamilies. Proteins for which SCOP annotations were not available were annotated manually or using the ASTRAL database 49 . Correlation of tetranucleotide structure and sequence. Tetranucleotides in free DNA and protein-DNA complexes were used to analyse the base sequence propensity of minor-groove regions as a function of minor-groove width. The minor-groove width of a tetranucleotide was defined by the average of all Curves 44 levels for groove width of the second nucleotide and the first level of the third nucleotide, which describes groove width at the central base-pair step. End regions and irregular tetranucleotides were excluded by requiring groove width definitions for at least one Curves level of each of the four nucleotides. Tetranucleotides from nucleosomal DNA were excluded from this analysis because the DNA is strongly deformed and the spacing between narrow regions is fixed at about one helical turn, thus adding a bias to the results. When applied to the 521 protein-DNA complexes in our data set, these criteria allowed the analysis of all 136 possible unique tetranucleotides. When applied to the 88 free DNA structures in our data set, the same criteria resulted in the analysis of 59 unique tetranucleotides. To increase coverage for the free DNA data set, NMR structures were included if dipolar coupling data were used in the refinement. Propensity of sequence motifs in nucleosomes. The structural analysis of nucleosomes includes all 35 crystal structures in the PDB as of 1 May 2009. The sequence analysis was based on 23,076 nucleosome sequences of length 146-148 bp in a yeast in vivo data set 29 . These nucleosome sites were scanned for sequence motifs such as A-tracts of different lengths, TpA steps, or other ATrich regions. A given motif contributed to a positive signal for any base pair that overlapped that motif, thus longer motifs contributed signals to more nucleotide positions. The frequencies of all motifs were symmetrized by analysing both complementary strands. Calculations of electrostatic potentials. Electrostatic potentials were obtained from solutions to the non-linear Poisson-Boltzman equation at 0.145 M salt using the DelPhi program 31, 45 . Partial charges and atomic radii were taken from the Amber force field 50 . The interior of the molecular surface of the solute molecule (calculated with a 1.4 Å probe sphere) was assigned a dielectric constant of e 5 2, whereas the exterior aqueous phase was assigned a value of e 5 80. Debye-Hückel boundary conditions and five focusing steps were used with a cubic grid size of 165 (a grid size of 185 was used for the nucleosome).
The electrostatic potential is reported at a reference point close to the bottom of the minor groove approximately in the plane of base pair i. The reference point i is defined as the geometric midpoint between the O49 atoms of nucleotide i 1 1 in the 59-39 strand, and nucleotide i 2 1 in the 39-59 strand 12 . Where the DNA strongly bends into the major groove the reference point can clash with the guanine amino group and cause large positive potentials (as seen in Fig. 4a for three regions of the nucleosome).
Desolvation free energies were calculated with the DelPhi program 31, 45 for the transfer of arginine and lysine side chains in extended conformations from water to a medium of dielectric constant e 5 2. Transfer free energies were calculated for each of the two side chains based on charge distributions and atomic radii taken from Amber 50 and three other force fields (see Supplementary Table 4 ).
